Cyclotron spin-flip excitations in a z/ = l/3 quantum Hall ferromagnet 
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Inelastic light scattering spectroscopy around the v = l/3 filling discloses a novel type of cyclotron 
spin-flip excitation in a quantum Hall system in addition to the excitations previously studied. The 
excitation energy of the observed mode follows qualitatively the degree of electron spin polarization, 
reaching a maximum value at — and thus characterizing it as a, i/ — 1/3 ferromagnet eigenmode. 
Its absolute energy substantially exceeds the theoretical prediction obtained within the renowned 
single-mode approximation. Double-exciton corrections neglected utilizing the single-mode approach 
are evaluated within the framework of the excitonic representation and are inferred to be responsible 
for the observed effect. 
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Physics of two-dimensional (2D) electron systems 
in a strong perpendicular magnetic field is governed 
by the macroscopic degeneracy of electron states in 
Landau levels. Owing to this point and because 
of the strong many-particle interaction the ground 
state at the unit filling of the zeroth Landau level 
(LL) is an itinerant ferromagnet where electron spins 
tend to align even for arbitrarily small Zeeman cou- 
pling. The ground state at fractional filling 
is believed to be somewhat analogous. In fact, the 
magnetization around both = 1/3 and ^ = 1 be- 
haves similarly. It reaches pronounced maxima at 
those particular filling factors [l|, 0] , which is gener- 
ally interpreted in favor of formation of the quantum 
Hall ferromagnet. 

A natural way to characterize a ferromagnetic 
state is to study its spin-flip excitations and their 
modification under the influence of external param- 
eters (magnetic field, temperature, etc.). Most rel- 
evant for the v = I quantum Hall ferromagnet are 
the spin exciton (spin waves) and the cyclotron 
spin-flip excitation (CSFE) modes. Experimentally 
accessible long-wavelength spin excitons carry lit- 
tle information about the ferromagnetic order by 
virtue of the Larmor theorem The major efforts 
have therefore been concentrated hitherto around 
the CSFE — a long-wavelength excitation simulta- 
neously changing the orbital and spin quantum num- 
bers of a 2D electron gas {6n—l and dS~SSz = 
Studies of the CSFE by means of the inelastic light 
scattering spectroscopy revealed peculiarities of the 
Coulomb interaction in two dimensions, disclosed 
new magnetic phases, and helped to draw qualitative 
conclusions about thermodynamics of the quantum 
Hall ferromagnet 0, 0| ■ Surprisingly, similar experi- 
ments at i/ = l/3 did not produce such clear results. 
The cyclotron spin-flip mode was detected, yet its 
energy reflected rather the total electron density in 
the 2D electron gas (2DEG) than a variation of the 
electron magnetization [6|. On the other hand if 
the electron magnetization has a pronounced max- 
imum at = 1/3 so should the CSFE energy as a 
measure of the ground state exchange interaction. 



The apparent contradiction between naive expecta- 
tions and the experiment is resolved in the present 
work where we report on a new cyclotron spin-flip 
mode whose energy variation matches the electron 
magnetization. The energy of this mode is evaluated 
within the excitonic representation, and the problem 
of why two cyclotron spin-flip modes with different 
energies coexist in the available 2D electron system 
is discussed. 

Two high-quality heterostructures were stud- 
ied. Each consisted of a single-side doped 25 nm 
GaAs/Alo.aGao.yAs quantum wells (QWs) with elec- 
tron densities of 1.2 and 2.2 x 10^^ cm~^ in the dark. 
The mobihties were 7 and 10 x 10^ cm^/V-s. The 
electron densities were tuned via the opto-depletion 
effect and were measured by means of in-situ photo- 
luminescence The inelastic light scattering ex- 
periment was performed in the temperature range of 
0.3-^ 1.5 K in the magnetic field up to 14 T normal to 
the sample surface. Inelastic light scattering spec- 
tra were obtained using a Tiisapphire laser tunable 
above the fundamental band gap of the QW. The 
laser excitation energy was varied between 1.545 and 
1.575eV. The power density was below 0.1 W/cm^. 
A two-fiber optical system was employed in the ex- 
periments [8|. One fiber transmitted the pumping 
laser beam to the sample, the second fiber collected 
the scattered light and guided it out of the cryo- 
stat. The scattered light was dispersed either by a 
T-64000 triple spectrograph or a Ramanor U-1000 
double-grating monochromator and recorded with 
a charge-coupled device camera. The spectral res- 
olution of the overall detection system was about 
0.03 meV. 

Figure 1 presents the key experimental result. In- 
elastic light scattering lines corresponding to two cy- 
clotron spin-flip modes are clearly seen above the 
cyclotron energy. One (A) coincides with the ILS 
line found earlier in terms of energy and linewidth 
6] . The energy of the line A increases monotonically 
with the electron filling factor not showing any pecu- 
liarities around i^ = l/3. In contrast to this, the sec- 
ond line (B) demonstrates a non-monotonic energy 
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dependence with a pronounced maximum at v — l/Z. 
Moreover, the energy of hue B is proportional to the 
2DEG magnetization measured by Khandelwal et al. 
under similar experimental conditions 01 ■ This links 
the line B to the inelastic light scattering on a spin- 
flip mode of the z^=l/3 quantum Hall ferromagnet. 
Yet, the question arises how two cyclotron spin-flip 
modes with so different properties could possibly ex- 
ist in a 2DEG. 
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line B originates from the free electron gas. Note, 
that the two subsystems are not really independent. 
The electrons oi complexes interact with the un- 
bound electrons, i.e. they are in fact many-particle 
conglomerates which become truly isolated only in 
the extreme quantum limit < 1/10 6]. In other 
words, the complexes supply a degree of freedom 
to form an additional spin-flip mode, whose energy 
is not sensitive to electron magnetization. We do 
not consider the line A carefully studied in Ref. Q 
and focus on the line B as an eigen CSFE mode of 
the clean quantum Hall ferromagnet. 
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FIG. 1: Inelastic light scattering spectra at B — 9T and 
two different filling factors - i/ = 0.33 and u — 0.23. Line B 
is the cyclotron spin-flip excitation (CSFE) of the = 1/3 
quantum Hall ferromagnet. Line A corresponds to the 
analogous excitation of D~ complexes. At filling factors 
far from = 1/3 line B disappears from the spectrum (see 
the lower spectrum). The inset schematically explains 
the origin of the observed lines. 

Several aspects of this problem have already been 
clarified in our previous publications. It was shown 
that under certain experimental conditions 
a 2D electron system in the vicinity of a positive 
charge is unstable against formation of a spin-singlet 
barrier D~ complex - two electrons in a QW with 
oppositely aligned spins bound to an impurity in the 
QW barrier. In the quantum limit the barrier 
complexes occupy a significant part of the experi- 
mentally accessible 2DEG even in the highest qual- 
ity AlGaAs/GaAs QWs. Because of two electron 
subsystems {D~ complexes and unbound electrons), 
two spin-flip modes exist. The line A arises from the 
upper branch of spin-flip excitations of barrier D~ 
complexes (see the inset in Figure 1), whereas the 



FIG. 2: Experimental u dependence of the energies for 
lines A and B around 1^=1/3. Also shown are the magne- 
toplasmon energy (MP) and energies for the correspond- 
ing lines in the vicinity of unit filling (at v <1). Black 
points show electron magnetization measured with opti- 
cally detected magnetic nuclear resonance in Ref. ^.'^I 
under experimental conditions similar to ours. 

The CSFE energy behaves much alike at 1^= 1/3 
and v = 1 (Figure 2). However, unlike the v — I 
ferromagnet, the ;/ = 1/3 state is highly correlated. 
The CSFE energy at 1/3 is therefore determined 
not only by the exchange interaction, as it is at 
h' — I, but also by electron-electron correlations in 
the ground and excited states. To shed a light on 
the interplay between exchange and correlations in 
the ly — l/S ferromagnet, the experimental CSFE en- 
ergy is compared with the existing theories, and a 
new theoretical approach to the calculation of the 
CSFE energy is developed. First of all we remind 
the reader that even in the v = 1 ferromagnet the 
CSFE is not a single-mode (single-exciton) excita- 
tion but has a double-exciton component consisting 
of a spin wave (with the change of quantum numbers: 
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SS ~ SSz = — 1, and Sn ^ 0) and a magnetoplasmon 
(with SS = SSz = 0, and Sn = 1) However, 
in the renown single mode approximation (SMA) 
the double-exciton component is ignored. Besides, 
if the Hartree-Fock (HF) approximation is used to 
describe the ground state (GS), the SMA result for 
the CSFE correlation shift is easily generalized to 
arbitrary fillings v < I, and at zero momentum it 
reads as follows: 



cHF 



2Klf 



p^dpV{p)e-P'^^ (1) 



(this energy is counted from the cyclotron energy 
hiUc) [ul- Here Is is the magnetic length and 2TTV{q) 
is the dimensionless Fourier component of the effec- 
tive e-e interaction vertex in the 2D layer. (In the 
ideal 2D case V{q) = l/q but actually V{q) = F{q)/q, 
where F{q) is the geometric form-factor; the ra- 
tio Tc — {e^ {F) / kIb) /'huuc, where {F) is the aver- 
aged value, is considered to be small.) Calcula- 
tions with formula (1) employing the usual self- 
consistent procedure to find the form-factor F{q) 
[l^ . yield in our specific case (B = 9T, v = l/i) 
1.26 meV. This is rather far off the experi- 
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mental value -Eoxp= 1.69 meV observed in the case 
(see Fig. 2). 

A more refined approach utilizes Laughlin's wave 
function for the ground state to calculate the CSFE 
energy within the SMA approach [13]. The SMA 
result for the correlation shift would be £sm = 
0.79 meV in our case. Being even smaller than the 
HF result (1), it is in a striking disagreement with 
the experiment. Another development of the exist- 
ing theory should account for the multi-component 
feature of CSFE. In a fractional quantum Hall fer- 
romagnet, charge-density waves (intra Landau level 
excitations) are split from the GS by a consider- 
able energy gap (see, e.g., Ref. [lj|). Due to this 
fact, we will use a model where charge-density waves 
(CDWs) are ignored but the double-exciton compo- 
nent corresponding to coupled spin wave and mag- 
netoplasmon is taken into account. Our present ap- 
proach is thus a projection of the v~ \ CSFE theory 
[10] onto the fractional v case. Specifically, to esti- 
mate the CSFE energy we use the double-mode ap- 
proximation (DMA). The CSFE state is represented 
as 



|SF) = QJ-J0)+A7V, 
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[Nff, is the magnetic flux number in the 2DEG stud- 
ied) . The definition of the exciton creation operator 
2l&q in terms of electron annihilation and creation 
operators can be found e.g., in Ref. [l3| (see also 
commutation rules for the Q-operators there, and 
references therein). Here a and h are binary indexes 
labelling LLs and spin sublevels: a = to denote the 
(n, Sz) = (0, t) state, 6 = is the (0, [) state, 6=1 
corresponds to (ti, S^) — (1, T) and 6 = 1 is the (1, |) 
state. In the v < \ case we have (0| QabqQjj^q, |0) = 



i^'^a, Qf^q, q' if 6 7^0. Wc cousldcr the ground state |0) 
in the HF approximation. Then one can also find 
that (0|QaaqQLq,|0) = i/<5«,o< q' ( 1 " I' + V ) ; 
c.f. Ref. [13 . 

Due to the same reasons as those presented in Ref. 
10 ], the "wave function" ■0(g) in Eq. (2) is chosen 



to be equal to Li{q^ 



[Li is the Laguerre 



polynomial.) Similar to the v—1 case, after varia- 
tional procedure we find the fitting parameter A and 
the CSFE correlation shift. The latter again is the 
largest root of a 2 x 2 secular equation. Now it takes 
the form 

Aei\{E^£,)S^k + {l-S^k)V^k\^Q [i,k = l or 2), (3) 

where £i= qdqV {q)[ve{q) + {l-v)e{q)], £2^£sM 
[see Eq. (1)], and 2?i2 = 2?2l = qdqV{q)d{q) 

withe = 2(72(l_g2)2g-39V2+l(4„5^2_^4)g-g=^^(g2_ 
4)3e-3gV4+(2„g2/2)e-9V2^ e = l [(^2_^4)g-9^ _ 

(q-gV4)^e-39V4] and d = q^{q^-l)e-'i' . [Note that 
expressions for e{q) and d{q) are the same as in the 
v = 1 case.] In the present experimental situation 
(e.g., for 5 = 9 T) we obtain from Eq. (3) the DMA 
correlation shift E = £dm — 1.43 meV. The mea- 
sured and calculated magnetic field dependences of 
EsF are shown in the left-hand part of Fig. 3. This 
result thus exceeds the SMA energy (1) and there- 
fore brings the theory and the experiment together. 
It is worth noting that although Eq. (3) was for- 
mally derived for any j/ < 1, it becomes irrelevant 
when gapless CDWs can be excited in the system. 
In that case the DMA evidently fails and soft CDW 
modes coupled to the CSFE exciton should effec- 
tively reduce the CSFE energy. Indeed, experimen- 
tally one observes a striking reduction in Es f when 
V is offset from the = 1/3 value corresponding to 
the ferromagnet state. 
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FIG. 3: Left: Experimental magnetic field dependence 
of the energies for lines A and B (CSFE). The result of 
calculation within DMA is also shown as a solid line. 
Right: Table shows the comparison of CSFE energies 
calculated at i? = 9 T and v = 1/2, within existing theo- 
retical frameworks and for Hartree-Fock and Laughlin's 
ground states. 

To clarify the specific place of our DMA approach 
among other theoretical models we present all avail- 
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able results for calculations of the = 1/3 CSFE 
energy at i? = 9 T in the table (right-hand side of 
Fig. 3). Relevant references in this table are given 
in the cells located at the crossing of the appro- 
priate column (number of modes considered) and 
row (the ground state descriptions). The cell with 
the question mark corresponds to the DMA where 
Laughlin's GS would be used for the CSFE calcu- 
lation. However, the analysis reveals that when the 
double-exciton component is taken into account and 
the problem effectively becomes a four-particle one, 
the result of the calculation (at variance with the 
SMA [Hill) can not be expressed in terms of the 
two-particle correlation function [Ts] but can only be 
presented in terms of the three-particle correlation 
function. This function depending on three scalar 
arguments has actually never been calculated and 
nothing is known about it at the present time. 

To summarize, we have reported on the study of 
cyclotron spin- flip excitations in the v — l/Z quan- 
tum Hall fcrromagnet. In addition to the already 
known spin-flip excitation, a new one has been ob- 
served. Its energy was measured in the range of 
filling factors close to 1/3 and was shown to "feel" 
the degree of spin polarization having a pronounced 
maximum ai v = 1/3. At this particular filling 
factor the energy was compared with simulations 
within the new theoretical approach alternative to 
the single-mode approximation. This theoretical 
model takes into account the double-exciton contri- 
bution to the CSFE energy. The inclusion of double- 
exciton corrections to the energy of CSFE has al- 
ready substantially improved the agreement between 
the experiment and the theory indicating the essen- 
tially multi-exciton nature of CSFE in the fractional 
quantum Hall regime. 
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